The fungal stroma is a distinct developmental stage, a compact mass of hyphal cells enveloped by a melanized layer of rind cells which is produced from vegetative mycelium. Two types of stromata that are characteristic of members of the Sclerotiniaceae but are also produced in a wide range of other fungi, i.e., the determinate tuberlike sclerotium and the indeterminate platelike substratal stroma, were compared in these studies. Developmental proteins found in determinate sclerotial and indeterminate substratal stromata, but not in mycelia, were characterized and compared in 52 isolates of fungi, both ascomycetes (including 18 species in the Sclerotiniaceae and 5 species of Aspergillus) and the basidiomycete Scierotium rolfsii. One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis of mycelial, stromatal initial, and stromatal extracts demonstrated that all members of the Sclerotiniaceae produced proteins unique to stromatal extracts within a molecular weight range of 31,000 to 39,500 which composed 13 to 58% of the total protein in stromata. Proteins unique to the sclerotial stage were also produced in Sclerotium rolfsii and the Aspergillus species but within a generally lower-molecular-weight range of 11,000 to 30,000. The proteins were then characterized by two-dimensional electrophoresis to determine the number and isoelectric point of polypeptides composing each protein. Polyclonal antibodies were raised to the major 36-kDa sclerotial protein of Sckerotinia sclerotiorum (Ssp). Immunoblots demonstrated that all sclerotial proteins from species in the Sclerotiniaceae cross-reacted with anti-Ssp antibodies, while no cross-reaction was observed with proteins from substratal stromatal species in the Sclerotiniaceae, sclerotial species of Aspergillus, or Sclerotium rolfsii. Results of discriminant analysis of the data from competitive inhibition enzyme-linked immunosorbent assays were consistent with the results of immunoblotting. Three groupings, sclerotial species in the Sclerotiniaceae, substratal stromatal species in the family, and sclerotial species outside the family, were delimited on the basis of relative decreasing ability to compete for anti-Ssp antibody. These data demonstrate that stromatal proteins differ among different taxonomic groups of fungi and suggest that the Sclerotiniaceae may include two distinct lineages of genera.
The fungal stroma, a compact mass of hyphal cells enveloped by a melanized layer of rind cells or extracellular material, is an ecologically significant and developmentally distinct stage in the life cycle of many soil-borne fungi. Produced from vegetative mycelium, the stroma can function as a resistant propagule, capable of surviving freezing and desiccation. After physiological conditioning, it is capable of germinating to produce a mycelium, a conidial anamorph, or a sexual teleomorph (fruiting body). Stromata appear to have evolved convergently among ascomycetes and basidiomycetes, including ectomycorrhizal and aflatoxin-producing fungi, as well as a large group of soil-borne plant pathogens. All members of the ascomycete family, the Sclerotiniaceae, produce one of two basic types of stroma (37) . The first type is the determinate tuberlike sclerotium (Fig. 1A) , detaching from the plant host usually to infest soil and plant debris and associated with those genera accommodating necrotrophic, plant-pathogenic species. The second type is the indeterminate platelike substratal stroma (Fig.  1B) , penetrating and enveloping the substrate on which it develops and associated with those genera including species presumed to be saprophytes, with the notable exception of Sclerotinia homoeocarpa, the causal agent of dollar spot of turf (14) . Like other stromatal fungi, many of these fungi produce only vegetative mycelium and stromata when iso-* Corresponding author. lated from nature in pure culture. Production of the sexual fruiting structures necessary for conclusive classification or identification can be problematic.
Developmentally regulated proteins produced abundantly in stromata, but generally not in other vegetative or reproductive stages of the life cycle, have been reported in ascomycetes such as Aspergillus spp. (24) and several members of the Sclerotiniaceae (11, 23, 26, 29) and in some basidiomycetes such as Typhula, Coprinus, Sclerotium rolfsii (11, 18) , and Hygrophoropsis (1) . In some species, these proteins have been immunochemically localized in cytoplasmic protein bodies within the stroma (19, 30) . The proteins, composing 15 to 60% of the total protein in stromata, may be ubiquitous among stromatal fungi and probably serve as reserves for germination (2, 4, 8, 14, 38) . Given the similarity in structure and function of fungal stromata, it is possible that the developmental stromatal proteins, at least in some domains, are conserved among stromatal fungi. It reported to be closely related (32) , while within other genera, such as the genus Typhula, species were reported to be antigenically different (19) . In studies associated with those reported here, we found that a sclerotial protein was closely related among three species in the Flavi section of the genus Aspergillus but unrelated to sclerotial proteins of two species from another section of the genus (24) . These studies suggest that stromatal proteins are antigenically different and that these differences resolve at different taxonomic levels (genus, species, and species-aggregate, respectively) among different groups of the fungi that have been studied.
In the Sclerotiniaceae, on the basis of histochemical and ultrastructural evidence, cytoplasmic protein storage differs in the two types of stroma, the sclerotium and the substratal stroma. In sclerotia, protein is sequestered in membranebound cytoplasmic protein bodies from the time the sclerotia are fully developed through dormancy; on germination, protein reserves are almost completely depleted (2, 4, 6-8, 11, 14, 15, 31, 38) . In mature, substratal stromata, lipid is an important cytoplasmic storage product and protein bodies are relatively infrequent, suggesting that protein is not as important a long-term storage product in substratal stromata as in sclerotia (14, 15) . On the basis of electrophoretic studies, developmental proteins within a narrow molecular size range (32 to 38 kDa) and composing up to 60% of the total protein have been reported in both sclerotial (11, 26, 29) and substratal stromatal (23) members of the family. Developmental sclerotial proteins, with molecular weights of 35,500 and 37,000, have also been reported in the stromatal anamorph, Sclerotium cepivorum (23), the causal agent of soft rot of onions, which was accommodated in the family (37) but lacks a sexual fruiting body and therefore cannot be placed taxonomically among the sexually reproducing fungi. Sclerotium cepivorum, in addition to producing major stromatal proteins in the same molecular weight range as members of the Sclerotiniaceae, produces sclerotia that are anatomically and histochemically characteristic of sclerotial members of the family and produces a Myrioconium-like microconidial state (probably spermatial) typical of the family (14) .
The primary objective of this study was to determine, within a family of stromatal fungi, i.e., the Sclerotiniaceae, whether developmental stromatal proteins differ and whether differences reflect hypotheses about groups within the family, especially differences between the plant-pathogenic sclerotial and the mostly saprophytic substratal stromatal groups of genera. Proteins from 18 species in the Sclerotiniaceae, including 31 sclerotial and 17 substratal stromatal isolates, were examined. In addition, five isolates representing two sections of the genus Aspergillus were included as an ascomycetous outgroup as well as three isolates of the basidiomycete Sclerotium rolfsii. Stromatal proteins were characterized by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and two-dimensional electrophoresis and then were compared by Western blot (immunoblot) and competitive enzyme-linked immunosorbent assays (ELISAs) to determine affinities on the basis of simple cross-reactivity and relative competitive ability to bind with specific antibodies, respectively.
MATERIALS AND METHODS
Cultures. Isolates used in this study are listed in Table 1 . Cultures were grown in potato-dextrose broth (33) at room temperature (20 to 23°C) in the dark. Mycelia were harvested after 2 to 4 days, stromatal initials were harvested as white tufts of mycelium after 4 to 7 days, and sclerotia and substratal stromata were harvested after 4 to 6 weeks by filtration. All fungal material was freeze-dried for 2 to 4 days prior to protein extraction.
Protein extraction. Samples were ground to a fine powder in liquid nitrogen by using a mortar and pestle. The powder was suspended in cold extraction buffer (11, 20) and homogertized for 1 to 2 min with a Polytron homogenizer at 4°C, and the homogenates were centrifuged at 38,000 rpm (Beckman SW40 rotor) at 4°C for 3 to 6 h. The resulting supernatants were stored at -20°C until required. Total protein was determined by the method of Lowry et al. (17) by using bovine serum albumin (BSA) as a standard.
One-and two-dimensional electrophoresis. One-dimensional SDS-PAGE was carried out on all isolates by using the methods of Laemmli (16) . Denaturing buffer (23) (23) . Gels of separated stromatal proteins of Sclerotinia sclerotiorum, Sclerotinia homoeocarpa, Sclerotium cepivorum, and Lambertella subrenispora were also stained with periodic acidSchiff reagent (13) to determine whether the proteins were glycosylated. Gels were dried onto cellulose membranes (Bio-Rad) to facilitate densitometric scanning (23) .
Two-dimensional electrophoretic analysis was carried out on one isolate each of Sclerotinia sclerotiorum (LMK2), (25) . Samples (2 to 5 jig of protein per RI) were focused on tube gels containing 5% (vol/vol) pH 5 to 7 and pH 3.5 to 10 ampholytes (1:4) (LKB) overnight for 2 h at 200 V, 15 h at 400 V, and 1 h at 800 V (7,200 V h). Tube gels were overlaid onto 8 to 20% (wt/vol) SDS-polyacrylamide linear gradient gels and electrophoresed for 18 h at 0.625 V/cm at 4°C. Two-dimensional gels were visualized after Coomassie blue staining (23) .
Protein purification. Crude sclerotial protein extracts of Sclerotinia sclerotiorum (LMK2) were focused as previously described but by using tube gels which contained 5% (vol/ vol) pH 5.0 to 6.5 and pH 4 to 6 ampholytes (2:1). After being focused, tube gels were incubated in reducing buffer (25) at 4°C after which the protein band corresponding to the major polypeptide (pH 6.0) of the 36-kDa sclerotial protein of LMK2 (Ssp) was excised. The gel pieces were chopped into 1-mm cubes, transferred into the large cups of an electroeluter, and eluted at 200 V for 2 h at 4°C. The eluting buffer was the same as that described for one-dimensional SDS-PAGE. Concentrated protein (300 ,ul) was removed from the small cups of the electro-eluter and stored at -20°C until required. This purified, SDS-denatured protein was designated denatured Ssp (denSsp). Purity of the protein was determined by densitometric scanning of SDS-polyacrylamide gels (23) .
Native Ssp (natSsp) was purified by separating crude sclerotial extracts of LMK2 on one-dimensional 10% (wt/ vol) polyacrylamide gels. An 8-mm strip was excised from each side of the gel and stained in Coomassie blue for 30 min. After destaining, these strips were aligned with the unstained portion of the gel, and the area corresponding to the major polypeptide (pH 6.0) of the 36-kDa sclerotial protein band of LMK2 was excised. The gel strip was chopped into 1-mm cubes and electro-eluted as described above except that the eluting buffer did not contain SDS. Concentrated protein (300 pl) was stored, and its purity was determined as described above for denSsp.
Antibody preparation. Chickens were selected for production of polyclonal antibodies to both denSsp and natSsp because they produce abundant antibodies (immunoglobulin Y) that are easily extracted from egg yolk in a relatively pure form (12 Antibodies were extracted from egg yolks by precipitation with dextran sulfate (12) , further purified by reprecipitation with 14% (wt/vol) sodium sulfate, and dialyzed against Tris-buffered saline (TBS) (12) (27) or immunoassayed by the procedure of Tijssen (34) step, necessary to block nonspecific binding sites on the solid phase, was repeated once. All subsequent incubations were done at 37°C, and each step after incubation with primary antibody was separated by five washes with TBSTween. Microwells were treated with several dilutions of anti-denSsp or anti-natSsp chicken antibodies in TBS for 1 h, followed by treatment with alkaline phosphatase-conjugated anti-chicken rabbit antibodies in TBS for 1 h. The substrate (p-nitrophenyl phosphate) was added in modified dimethylformamide buffer, pH 9.8 (36) , and incubated for 1 h. The reaction was stopped with 2.5 N NaOH, and the plates were allowed to stand at room temp for 30 min prior to reading absorbances (optical density at 405 nm) with an enzyme immunoassay reader (Mandel) . These assays were repeated three times for both anti-denSsp and anti-natSsp antibodies, with eight replicates of Ssp 1 and 2) , Poculum henningsianum LMK394 (lanes 3 and 4) and LMK395 (lanes 5 and 6), Lambertella langei (lanes 7 and 8), P. petiolarum (lanes 9 and 10), and P. sydowianum (lanes 11 and 12). Molecular weight standards are phosphorylase b (92,000), BSA (66,000), ovalbumin (45,000), carbonic anhydrase (31,000), trypsin inhibitor (21,000), and a-lactoalbumin (14,000).
competitive assays with anti-natSsp antibodies, several dilutions of the inhibitor were mixed with a known constant concentration of antibodies without prior boiling. The inhibitor plus anti-Ssp-antibody mixtures were incubated overnight at 37°C with vigorous shaking (150 rpm). Microwells were blocked as described above. Inhibitor plus anti-Sspantibody mixtures were centrifuged at high speed (Beckman Microfuge) at room temperature for 15 min to pellet immune complexes, the supernatants were added to microwells, and the plates were incubated at 37°C for 1 h. The supernatants of inhibitor plus anti-Ssp antibody served as the primary antibodies. The procedure after incubation with primary antibodies was as described above. These assays were repeated twice for both anti-denSsp and anti-natSsp antibodies, with eight replicates for each inhibitor concentration per assay. The resulting absorbances were used to obtain corresponding antibody concentrations (units per milliliter) from the standard (antibody concentration [units per milliliter] versus optical density at 405 nm) curves generated from the indirect noncompetitive assays. Linear regressions of antibody concentration (units per milliliter) to log10 inhibitor concentration (micrograms per milliliter) were generated for both sets of inhibition assays. These curves were used to obtain the inhibitor concentration required to reduce the concentration of anti-denSsp or anti-natSsp by 50% and to establish a ranking of inhibitors based on this property. Discriminant analysis, developed by using the SPSS-X statistics program (21, 22) , was performed on the ranked inhibitors to determine whether isolates could be classified into groups based on their ability to compete for specific antibody.
RESULTS
One-and two-dimensional analysis. Examples of onedimensional SDS-PAGE of total protein extracted from mycelia, stromatal initials, and sclerotia or substratal stromata are shown in Fig. 2 . Stromatal protein production was first detected in maturing stromatal initials. In all species examined, except Ciborinia erythronii, one to three protein bands present in sclerotial or substratal stromatal extracts were not observed in mycelial or stromatal initial extracts. In C. erythronii, protein bands with molecular weights corresponding to the intensely staining 35.5-kDa sclerotial protein (Fig. 2B , lanes 3 and 6), were observed in both mycelial and stromatal initial extracts (Fig. 2B, lanes 1, 2, 4 and 5) but in lesser amounts. In general, there was no intraspecific variation in the molecular weights of the major stromatal proteins, but in C. erythronii, one isolate (LMK52) consistently produced an additional, low-molecular-weight sclerotial protein band (molecular weight, 11,000) (Fig. 2B, lane 3) which the other isolate (LMK53) did not.
All of the isolates from members of the Sclerotiniaceae produced sclerotial or substratal stromatal proteins within a narrow molecular weight range, 31,000 to 39,500 (Table 2) . Substratal stromatal extracts of Sclerotinia homoeocarpa and L. subrenispora were each found to contain one protein in addition to the proteins previously reported (23) because of the enhanced resolution achieved by separating proteins on linear gradient gels. Some isolates also produced stromatal proteins of lower molecular weight, 11,000 to 20,000, but in all cases the major proportion of sclerotial or substratal stromatal protein was of higher molecular weight (Table 2 ). In the basidiomycetous isolate Sclerotium rolfsii, a major protein with a molecular weight of 44,000 as well as some minor sclerotial proteins (Table 2) were observed in addition to protein bands previously reported (11) . Two groups of sclerotial proteins were observed in the five Aspergillus isolates examined: a narrow range of low-molecular-weight (12,000 to 22,000) proteins which generally composed 24 to 48% of the total protein and a wide range of higher-molecular-weight (29,000 to 79,000) proteins which generally composed only 1 to 8% of the total protein in sclerotia (24) . A sclerotial or substratal stromatal protein was designated major if it constituted more than 13% of the total protein in stromatal extracts as measured by densitometric scans of one-dimensional SDS-gels. Stromatal proteins did not stain with periodic acid-Schiff reagent, suggesting that they are not glycosylated (data not shown), although not all fungal glucans are periodic acid-Schiff positive.
A representative two-dimensional separation is shown in Fig. 3 . Two-dimensional stromatal protein banding patterns were unique for the four isolates examined ( Fig. 4A . A cross-reaction was observed not only with the isolate to which the antibodies were raised (lane 1) but also with the other isolates of Sclerotinia sclerotiorum (lanes 2 to 6). The same cross-reaction was also observed when these isolates were probed with anti-natSsp antibodies. The cross-reactivity between the low-molecular-weight protein (molecular weight, 17,000) in sclerotial extracts of isolates of Sclerotinia sclerotiorum and anti-denSsp (Fig.  4A) or anti-natSsp antibodies was attributed to the presence of preimmune antibodies sensitized to the low-molecularweight protein. These preimmune antibodies did not interfere with the immunoassays.
Anti-denSsp and anti-natSsp antibodies cross-reacted strongly with the 37-kDa and weakly with the 35.5-kDa proteins of sclerotial extracts of isolates of Sclerotium cepivorum (data not shown). Preimmune antibodies did not crossreact with the sclerotial proteins of any of the isolates of Sclerotium cepivorum.
The results of immunoblotting of all of the sclerotial and substratal stromatal proteins with anti-denSsp and antinatSsp antibodies are summarized in Table 3 . Sclerotial proteins of all of the isolates of sclerotial species in the Sclerotiniaceae cross-reacted when treated with anti-denSsp (Fig. 4B) genus Aspergillus and Scierotium rolfsii did not cross-react when treated with either specific antibody.
In control experiments, when mycelial and stromatal initial extracts of sclerotial isolates of species in the Scierotiniaceae were treated with either anti-denSsp or anti-natSsp antibodies, no cross-reactions were observed with mycelial proteins. However, weak cross-reactions were observed with those stromatal initial proteins with molecular weights corresponding to the major sclerotial proteins. No crossreactivity was observed in the other control experiments.
ELISAs. An example of the standard curves obtained from indirect noncompetitive assays of anti-Ssp antibodies with Ssp is shown in Fig. 5 . Working dilutions of both Ssp (1 to 10 pLg/ml) and anti-Ssp antibodies (1/250 to 1/500 dilution) were obtained from these curves. The assay limit of detection of Ssp in crude sclerotial extracts of Scierotinia scierotiorum was 0.25 to 0.30 p.gIml. (Fig.  6A) . Although the group of sclerotial species in the Sclerotiniaceae (Fig. 6A) , which includes species that are generally equivalent in their abilities to compete for specific antibody, is tightly clustered, the relationship of these species can be further resolved by expanding the x axis (Fig. 6B ).
DISCUSSION
Results of the biochemical and immunological procedures used in this study demonstrate both that stromatal proteins in the Sclerotiniaceae are distinct from those of other groups and that differences among the proteins occur within the family. The differences between developmental stromatal proteins produced in sclerotial isolates and those produced in substratal stromatal isolates observed with two-dimensional electrophoresis, Western blot, and ELISA techniques confirm observations based on comparative anatomical and histochemical studies (14, 15) of stromata and suggest that the Sclerotiniaceae may include at least two distinct lineages of genera.
Data from one-dimensional electrophoretic analysis in this study, in agreement with data from a previous study (23) , showed that the major, stromatal proteins from representatives of the Sclerotiniaceae grouped within a relatively narrow molecular weight range (30,000 to 40,000) in comparison with representatives from other groups. With the exception of one species, C. erythronii, no intraspecific variation was observed. This was notable in the 11 isolates of Sclerotinia sclerotiorum, considering differences in host and geographical distribution among the isolates. Data from two-dimensional electrophoretic analysis on a subset of these isolates revealed differences between sclerotial and substratal stromatal isolates in the Sclerotiniaceae. The sclerotial proteins, composed of multiple polypeptides, were more acidic than the substratal stromatal proteins which were composed of single polypeptides. Results from Western blots and ELISA correlated with the differences observed after two-dimensional electrophoretic separation. Sclerotial proteins from species in the Sclerotiniaceae were found to be antigenically different from substratal stromatal proteins of species in the family and sclerotial proteins cf Aspergillus spp. and Sclerotium rolfsii. Faint, Coomassiestained stromatal initial proteins, with molecular weights corresponding to major stromatal proteins, were observed by SDS-PAGE. In addition, weak cross-reactions between these stromatal initial proteins probed with anti-Ssp antibodies suggest that stromatal protein production may begin late in the stromatal initial stage. The relative ranking of sclerotial and substratal stromatal protein affinity for specific antibody, developed from ELISA results, indicated that the Sclerotiniaceae comprise at least two groups of genera. The antigenic unrelatedness of Aspergillus spp. and Sclerotium rolfsii to sclerotial members in the Sclerotiniaceae was also demonstrated.
Our studies confirm the affinities of Sclerotium cepivorum with members of the Sclerotiniaceae suggested by earlier anatomical, histochemical, and electrophoretic studies (14, 15, 23) . Although this form-species does not produce a sexual fruiting body, it was accommodated in the family in the genus Stromatinia (37), which is characterized by large sclerotia that bear fruit bodies and small sclerotia that reproduce asexually. Some strains of Sclerotium cepivorum also produced two sizes of sclerotia (3, 10) Variation among developmental stromatal proteins is a potentially powerful tool in systematic studies, in identification of fungal isolates, and in diagnosis of plant disease. Workers comparing these proteins in taxonomic or phylogenetic studies should be aware that stromatal proteins show variation at different taxonomic levels within different taxa, e.g., at the genus-aggregate level in the Sclerotiniaceae and at the species-aggregate level in the genus Aspergillus (24) . These proteins are especially valuable in identifying affinities of taxa which lack parts of the life cycle important to the identification and classification of the fungus or where the sexual reproductive part of the life cycle is unknown, as is the case with both Sclerotium cepivorum and Sclerotinia homoeocarpa. Stromatal proteins merit further attention as examples of molecular evolution. Analysis of nucleotide sequences coding the gene(s) of these proteins could proceed along several interesting avenues of research. First, functional characteristics of the protein could be identified as well as constraints on its evolution. Second, at the organismal level, phylogenetic relationships among stromatal fungi may be clarified. Lastly, the abundance of these developmentally regulated proteins provides an ideal system for the study of developmental physiology and regulation in stromatal fungi. This research was supported by operating grants (no. U0421 and GP93324) from the Natural Sciences and Engineering Council of Canada.
